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One of the major concerns in the production of dairy concentrates is the risk of contamination by heat-resistant spores
from thermophilic bacteria. In order to acquire more insight in the composition of microbial communities occurring in
the dairy concentrate industry, a bar-coded 16S amplicon sequencing analysis was carried out on milk, final products, and
fouling samples taken from dairy concentrate production lines. The analysis of these samples revealed the presence of
DNA from a broad range of bacterial taxa, including a majority of mesophiles and a minority of (thermophilic) spore-
forming bacteria. Enrichments of fouling samples at 55°C showed the accumulation of predominantly Brevibacillus and
Bacillus, whereas enrichments at 65°C led to the accumulation of Anoxybacillus and Geobacillus species. Bacterial popula-
tion analysis of biofilms grown using fouling samples as an inoculum indicated that both Anoxybacillus and Geobacillus
preferentially form biofilms on surfaces at air-liquid interfaces rather than on submerged surfaces. Three of the most po-
tent biofilm-forming strains isolated from the dairy factory industrial samples, including Geobacillus thermoglucosidans,
Geobacillus stearothermophilus, and Anoxybacillus flavithermus, have been characterized in detail with respect to their
growth conditions and spore resistance. Strikingly, Geobacillus thermoglucosidans, which forms the most thermostable
spores of these three species, is not able to grow in dairy intermediates as a pure culture but appears to be dependent for
growth on other spoilage organisms present, probably as a result of their proteolytic activity. These results underscore the
importance of abiotic and microbiotic factors in niche colonization in dairy factories, where the presence of thermophilic
sporeformers can affect the quality of end products.

Contamination by spore-forming bacteria is an important con-
cern in the production of dairy concentrates. Besides meso-

philic bacteria, thermophiles are problematic in food-producing
industrial facilities operating from 40°C to 65°C, as these temper-
atures support growth and biofilm formation of thermophilic
sporeformers (1). The growth of these thermophiles in biofilms in
factories can result in numbers of up to 106 CFU/g of bacteria and
spores released in the final products, including whey and milk
concentrates (2). These spores could germinate when the condi-
tions are favorable, finally resulting in high numbers of bacteria
and off-flavor in end products (2, 3). In order to prevent the pres-
ence and outgrowth of the accumulated spores, costly precautions
such as frequent cleaning, short production runs, and intensive
microbial product control are required.

Most thermophilic sporeformers which have been identified so
far in dairy processing lines and products belong to the genera of
Bacillus, Geobacillus, and Anoxybacillus (2, 4, 5). Geobacillus spp.
and A. flavithermus are the most frequently reported species in
thermophilic dairy biofilms (1). The presence of spores from these
thermophilic bacilli in the final products most likely results from
the detachment of spores from biofilms on stainless steel surfaces
found within a milk powder plant (2). However, it is not evident
that these organisms are the only organisms important for biofilm
formation in dairy processing environments. Insight into the spe-
cies diversity and the contribution of both thermophilic and
mesophilic species in microbial populations at the different sites
in dairy concentrate production lines is currently lacking. In this
study, we applied a bar-coded 16S amplicon sequencing approach
(6) to get insight into the microbial composition of fouling sam-

ples in dairy concentrate-processing plants and evaluated the ef-
fect of enrichments at high temperatures, at air-liquid interfaces,
or on different surfaces. We isolated three thermophilic species on
the basis of their ability to grow at high temperatures and effi-
ciency in forming biofilms under laboratory conditions. We pro-
vide evidence that suggests that growth in milk-based media of G.
thermoglucosidans is dependent on proteolytic activity of other
species present in dairy concentrate-processing environments.

MATERIALS AND METHODS
Sampling, culturing, and enrichment. A number of fouling sites were
selected along dairy concentrate production lines for the bar-coded 16S
amplicon sequencing analysis of the microbial flora (see Table S1 in the
supplemental material). Samples of standard milk, fouling material iso-
lated from the processing line, and final products were collected. Standard
milk was flash frozen by dripping in liquid nitrogen. The frozen milk
pellets were stored at �80°C. Fouling samples were scraped from pipe-
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lines, dispersed at a 1:1 (wt/vol) dilution in sterile antifreeze Microbank
medium (Pro-Lab Diagnostics, Canada), and stored at �80°C. Final
products were dissolved in sterile water (2% to 10% [wt/vol]) and stored
at �80°C.

Viable counts were carried out for all samples analyzed with bar-coded
16S amplicon sequencing. Growth analysis of strains and CFU determi-
nation were performed on tryptone soy broth (TSB) or tryptone soy agar
(TSA) (Tritium Microbiologie, The Netherlands). All CFU determina-
tions in this study were performed by plating 80 �l on TSA plates followed
by overnight (O/N) incubation at 30°C (for nonthermophilic CFU deter-
mination) or at 55°C (for thermophilic CFU determination). Dilution
series were made in PPS (0.1% peptone, 0.9% NaCl). Thermophilic aer-
obic spore counts at 55°C were similarly determined after pretreatment of
the samples at 100°C for 30 min to eliminate vegetative cells and to acti-
vate thermoresistant spores (2). The CFU determinations of samples after
enrichment at 55 or 65°C were obtained by plating on TSA and incubating
at the respective enrichment temperatures.

Thermophilic enrichment was carried out by O/N culturing of 50 �l of
a sample in 2 ml TSB at 55 or 65°C followed by inspection for growth
according to increases of optical density (OD) (no growth [�], little
growth [�], or outgrowth [�]). Initially, enrichment was performed at
55°C in TSB, since it is a classical method to determine dairy thermophilic
bacterial loads (2). However, to prevent extensive overgrowth of mesoph-
ilic species at 55°C, enrichment at 65°C was included as well, in order to
facilitate selection of the thermophilic species.

Biofilm model systems. In order to study biofilm formation by ther-
mophilic spore-forming dairy isolates on a laboratory scale, a standing
steel biofilm model system was developed. This biofilm system included a
sterile, vertically standing, 14-by-14-mm stainless steel coupon (P. 316
grade) in a well of a sterile 24-well plate (Corning, The Netherlands). The
plate was incubated in a tight plastic bag containing a wetted paper towel
to limit evaporation of the culture media (see Fig. S1 in the supplemental
material). In addition, a submerged steel biofilm system was developed,
consisting of a steel coupon lying horizontally on the well bottom of a
24-well plate.

For enrichment in the static biofilm models, 2-ml industrial milk sam-
ples (standardized milk with a standardized composition) and 50 �l of a
fouling sample in 2 ml of heat-sterilized milk (120°C, 20 min) were cul-
tured O/N at 55 or 65°C (nonshaken) in separate wells. After O/N incu-
bation, the various fractions (including culture medium, polystyrene well
wall, and coupon surfaces) were harvested and directly subjected to CFU
determinations or stored at �80°C until DNA isolation (see below). The
medium fractions were directly harvested from the culture wells. The
metal coupons and empty wells were gently rinsed with sterile PPS (three
times with 3 ml each time) and separately swabbed (coupons were first
transferred to clean sterile wells) with sterile cotton swabs, each sampled
twice in 150 �l sterile PPS.

Air-liquid interface biofilms of industrial isolates were studied as well
by the use of vertical, sterile 15-by-15-mm glass coupons (cut from stan-
dard microscopy object glass) in 12-well plates. After O/N cultivation, the
glass coupons were gently washed with demineralized water (demiwater)
and fixed by drying for 10 min at 60°C. Culture wells were washed with
sterile water (three times with 3 ml/well) and fixed by incubation for 10
min at 60°C. Water-washed and air-dried coupons or culture wells were
used for crystal violet (CV) staining (performed for 5 min with 1% [wt/
vol] CV followed by three washes with water). CV-stained coupons were
analyzed by light microscopy. CV-stained culture wells were destained for
5 min at room temperature with 33% acetic acid (at 1.1� the volume
originally cultured in the well), and the OD between 580 and 600 nm was
measured with a plate well reader (Tecan, Switzerland) to determine the
amount of CV-stainable biofilm.

Fluorescence microscopy. Coupons were incubated for 2 min with
0.1% Auramine (Merck, The Netherlands) for visualizing the attached
cells (7). Spores were stained in the water-washed and air-dried coupons
by the Auramine-Safranine method (7). Briefly, stainless steel or glass

coupons were incubated for 2 min with 0.1% Auramine (Merck, The
Netherlands), water washed, incubated for 1 min with 0.25% Safranin
(BD Biosciences), water washed, and air dried for 10 min at 60°C, and
bright-field microscopy (glass coupons) and fluorescence microscopy
(Zeiss Axio Observer Z1; filter set, Endow green fluorescent protein
[GFP]; excitation bandpass [Ex BP], 470 to 40; beam splitter frustrated
total [BS FT], 495; emission [EM] BP, 525 to 55) were performed directly
on the stained, dried, and covered glass coupons.

DNA isolation. Genomic DNA (gDNA) was isolated from the (en-
riched) fouling samples and fractions from the static biofilm model. The
bacterial samples (50 to 200 �l) were added to a 1.5-ml screw-cap Eppen-
dorf tube with 0.3 g zirconium-silica beads (0.1-mm-diameter bead size),
800 �l phenol (pH 8.0), and 400 �l Agowa buffer without detergent. Next,
the samples were homogenized with a Bio101 BeadBeater (Biospec Prod-
ucts) twice for 45 s each time with a 30-s interval of cooling on ice and
spun down for 10 min at 10,000 � g. The upper, aqueous phase was taken
and extracted with an Agowa mag Mini DNA isolation kit (Agowa, Ger-
many) eluted in 45 �l Agowa BL buffer. The quality and quantity of gDNA
were determined using an agarose gel and a Nanodrop ND-1000 spectro-
photometer (NanoDrop Technologies).

Bar-coded 16S amplicon sequencing. Mass sequencing was per-
formed as described earlier (6). Briefly, barcoded 16S rRNA fragments
were amplified with forward primer 785F (5=-GCCTCCCTCGCGCCAT
CAGGGATTAGATACCCBRGTAGTC-3=) and reverse primer 1175R
(5=-GCCTTGCCAGCCCGCTCAGNNNNACGTCRTCCCCDCCTTCC
TC-3=). Pyrosequencing of equimolar mixes of 24 amplicon pools was
performed by Keygene N.V. (The Netherlands) using a Roche Genome
Sequencer-20 (GS-20) and FLX 454 pyrosequencing technology, yielding
on average 1,145 reads per amplicon pool (standard deviation, 456; min-
imum, 277; maximum, 2,583). The FASTA format sequences and corre-
sponding quality scores were extracted from the .sff data files generated by
the GS-FLX system using the GS Amplicon software package (Roche,
Branford, CT). Sequence data were processed using modules imple-
mented in the mothur v. 1.25.0 software platform (8). Sequences were
binned by sample of origin by the unique barcode sequences in each
amplicon pool. For further downstream analyses, barcodes and primer
sequences were trimmed and low-quality reads were excluded from the
analyses. The data set was simplified by using the “unique.seqs” command
to generate a nonredundant (unique) set of sequences. Unique sequences
were aligned using the “align.seqs” command and an adaptation of the
Bacterial SILVA SEED database as a template (available at http://www
.mothur.org/wiki/Alignment_database). In order to ensure that we were
analyzing comparable regions of the 16S rRNA gene across all reads, se-
quences that started before the 2.5 percentile or ended after the 97.5 per-
centile in the alignment were filtered. Sequences were denoised using the
“pre.cluster” command. This command applies a pseudo-single-linkage
algorithm with the aim of removing sequences that are likely due to py-
rosequencing errors (9). Potentially chimeric sequences were detected
and removed using the “chimera.slayer” command (10). High-quality
aligned sequences were classified using the RDP-II naive Bayesian Classi-
fier implemented into the mothur platform. Aligned sequences were clus-
tered into operational taxonomic units (OTUs) (defined by 97% similar-
ity) using the average linkage clustering method. Typing to the level of
Anoxybacillus and Geobacillus species was performed using the most
abundant unique sequence of these OTUs in the Seqmatch tool of RDP.
Relative abundances of genera and species were calculated as fractions of
the total reads per sample.

Typing of industrial isolates. A set of around 100 bacterial isolates
(single colonies) were obtained from raw and enriched samples. These
isolates were cultured to determine growth and biofilm formation at tem-
peratures of 30, 60, 65, and 70°C in TSB medium. Of all 100 isolates tested,
20 isolates were able to grow (OD � 0.08) and form biofilms (OD � 0.11)
at 60°C and 70°C. DNA of 20 industrial isolates was isolated as described
above. For typing of industrial isolates, the 16S rRNA gene region 8 to
1408 was PCR amplified from gDNA using forward (F) and reverse (R)
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primers 8F (5=-AGAGTTTGATCHTGGYTCAG-3=) and 1408R (5=-TGA
CGGGCGGTGTGTACAA-3=). PCR amplicons were purified and bidi-
rectionally sequenced by GATC-biotech AG, Germany, using primers 8F,
27F (5=-AGAGTTTGATCMTGGCTCAG-3=), 1408R, and 1392R (5=-AC
GGGCGGTGTGTGTRC-3=). The sequences were typed at the species
level with the RDP SeqMatch tool (http://rdp.cme.msu.edu/) (11) and by
selection of the best hit reported from the RDP database (type strains,
non-type strains, unculturable strains, and isolates with a size of �1,200
bp and of good quality). Growth curves of selected model strains from
thermophilic spore-forming species A. flavithermus TNO-09.006, G.
stearothermophilus TNO-09.008, and G. thermoglucosidans TNO-09.020
were determined in TSB medium at various temperatures by the use of a
temperature gradient in a PCR machine (model DNA Engine Tetrad,
PTC-225) (100 �l of culture per well; range, 38 to 74°C) and multiple OD
measurements during cultivation (20 min each) (50 �l/well of a 384-well
plate, using a Tecan F500 plate reader at 600 nm). Exponential-growth
rates (�) and doubling times (tD) were calculated with the equations � �
ln[d(OD)]/dt and tD � ln2/�, respectively. The Tmin and Tmax are defined
as the minimum and maximum temperatures at which growth could be
detected under the conditions used. The Topt is defined as the temperature
with the highest growth rate, as expressed in doubling time (tD).

DNA-DNA hybridizations. Genomic DNA was extracted from pure
cultures according to a modification of the procedure by Gevers et al. (12).
Hybridizations were performed in the presence of 50% formamide at
39°C according to a method adapted from Ezaki et al. (13). The DNA-
DNA hybridization percentages reported are the means of at least 6 hy-
bridizations.

Assessment of casein-degrading activity. The selected model strains
from thermophilic spore-forming species A. flavithermus TNO-09.006, G.
stearothermophilus TNO-09.008, and G. thermoglucosidans TNO-09.020
were examined for their capability to utilize milk protein. Media included
Casitone plates (25 g Casitone, 5 g NaCl, 2.5 g K2HPO4, 1.5% [wt/vol]
agar), tryptone plates (10 g tryptone, 5 g NaCl, 2.5g K2HPO4, 1.5% [wt/
vol] agar), Ca-caseinate plates (1.25% [wt/vol] containing Ca-caseinate
[Friesland-Campina, The Netherlands]) and 0.8% agarose, and pancre-
atin-digested Ca-caseinate plates. The latter plates were prepared by di-
gestion of Ca-caseinate (1.25% [wt/vol]) with 10 mg/ml pancreatin
(Sigma P3292) for 3 h at 37°C followed by heat inactivation at 100°C for 10
min. Plates were inoculated by transfer of bacterial cells taken from a TSA
plate.

Heat resistance of spores. A suspension prepared from an plate cul-
ture grown overnight was spread on NA�� plates (nutrient agar with
supplementation of analysis-grade 1.13 mM CaCl2 and 0.99 mM MnSO4)
and incubated for 2 days at 55°C. Bacterial lawns containing spores were
harvested and washed with sterile demiwater as described previously (14).
This water-washing procedure was repeated three times in order to obtain
pure spore suspensions. The spore suspensions were stored at �20°C. The
heat inactivation kinetics of the spores were determined as follows. Mi-
cropipettes of 100 �l were filled with spore suspensions, and both ends of
the micropipettes were sealed by heating. Micropipettes were incubated
within a time window at serial temperatures above 100°C in an oil bath
filled with glycerol. The spore suspension was diluted 100 times in PPS, a
series of dilutions were made, and the dilutions were plated on to TSA
plates. The D values of the spore batches were derived from plots with log
CFU versus incubation time by fitting a log-linear model with a tail to the
data, and the z values were calculated by plotting the logD value against
the temperature and performing a linear regression (see Fig. S2 in the
supplemental material).

Compartmentalized growth experiments. The determination of
growth dependencies in ultra-heat-treated (UHT) skim milk was per-
formed using a BD Falcon cell culture insertion system. This system allows
growth of strains in two compartments separated by a permeable mem-
brane that permits diffusion of medium components (pore size, 0.4 �m).
Both the well and the cell culture insertion were filled with 3 ml UHT skim
milk and inoculated with approximately 4 � 103 CFU A. flavithermus

TNO-09.006 and 3 � 103 CFU G. thermoglucosidans TNO-09.020, respec-
tively. As controls, wells were filled with 3 ml UHT skim milk and inocu-
lated with either A. flavithermus TNO-09.006 or G. thermoglucosidans
TNO-09.020 with the same amounts of CFU. All measurements were
performed in triplicate. Following inoculation, the 6-well plates were
wrapped in a plastic bag and sealed in order to prevent evaporation and
incubated at 65°C at 50 rpm. Sampling was performed at 3, 6, 9, 12, and 24
h. CFU counts of each fraction were determined by serial dilutions poured
in TSA.

Formation of biofilms on stainless steel coupons in cocultures.
Stainless steel coupons were placed in the wells of a polystyrene 12-well
plate (Falcon; Becton, Dickinson, France). The wells were half filled with
3 ml of UHT skim milk, which was inoculated with a 1% (vol/vol) over-
night culture of either a mixture or single strain of A. flavithermus strain
TNO-09.006 and G. thermoglucosidans TNO-09.020. The plates were
wrapped with plastic bags and wet tissues and incubated for 12 h, 24 h, and
48 h at 65°C. The total number of bacterial cells, present in the milk or
attached to the surface of the stainless steel coupon, was determined by
CFU counting. The coupons were washed in sterile UHT skim milk 3
times. Then they were placed in 50-ml tubes filled with 3 ml of UHT skim
milk and 0.5 g of glass beads (100-�m diameter). Tubes were mixed by a
vortex procedure for 1 min to detach the cells from the stainless steel
coupon. Serial dilutions were made and plated on TSA–5-bromo-4-
chloro-3-indolyl-�-D-galactopyranoside (TSA–X-Gal) plates for count-
ing after 24 h of incubation at 55°C. Biofilm formation was assessed in
triplicate in two independent experiments.

RESULTS
Enrichment of Geobacillus and Anoxybacillus at high tempera-
tures. The contribution of thermophilic sporeformers to the con-
tamination of the dairy processing lines and end products was
evaluated by an analysis of the microbial composition of dairy
fouling samples by bar-coded 16S rRNA amplicon sequencing up
to the genus level. At the phylum level, the dairy fouling samples
were dominated by Firmicutes and Proteobacteria (55% and 42%,
respectively). The majority of the 16S rRNA sequences in each
sample represented a wide variety of mesophilic genera (Fig. 1),
covering many genera of the classical milk microbial flora (3, 15–
18); only a minor fraction of 16S rRNA sequences were associated
with the thermophilic genera Anoxybacillus and Geobacillus. It
should be noted that the standard enumeration method for ther-
mophilic species at 55°C also provides conditions for some meso-
philic species to grow. Therefore, the composition analysis of the
14 dairy samples was also carried out after enrichment at 65°C
(Fig. 1). Overnight (O/N) incubation of the 14 dairy samples at
55°C resulted in the enrichment of the spore-forming genus Ba-
cillus (four samples) or Brevibacillus (six samples) and in some
cases in the enrichment of thermophilic spore-forming genera
Geobacillus (two samples) and Anoxybacillus (one sample). An
increase of the enrichment temperature to 65°C resulted in a
higher predominance of thermophilic genera, including Geobacil-
lus (seven samples) and Anoxybacillus (three samples). In eight
samples, little or no growth occurred (� or �), showing a com-
position similar to that present in the samples prior to enrichment
at 65°C.

Preference of thermophiles for air-liquid interface or sub-
merged biofilms. The next experiment was aimed at the identifi-
cation of thermophilic genera in different types of biofilms formed
at high temperatures. Static biofilm systems were inoculated with
three of our previously isolated dairy samples (two standard milk
samples and one whey evaporator sample). The incubations were
carried out at 55°C and 65°C in the submerged steel biofilm system
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and the standing steel biofilm model system, which includes an
air-liquid interface, as described in Materials and Methods and
displayed in Fig. S1 in the supplemental material. The total viable
counts of the different fractions in the standing steel biofilm
model (medium, standing steel coupon, and plastic well) were
determined (see Table S2). The counts in the planktonic fraction
at 55°C and 65°C were approximately 1,000-fold higher than the
initial counts of the dairy samples at 55°C, indicating that enrich-
ment of thermophiles occurred at 55°C and 65°C in milk.

Subsequently, the different fractions in the biofilm model sys-
tem were analyzed for their microbiological composition by bar-
coded 16S amplicon sequencing. The thermophilic genera Anoxy-
bacillus and Geobacillus dominated in most of the samples (Fig. 2).
Relatively high numbers of Anoxybacillus were found after enrich-
ment at both 55°C and 65°C, whereas 16S rRNA gene sequences
affiliated with Geobacillus dominated the population when sam-
ples were incubated at 65°C. Besides, the mesophilic spore-form-
ing genus Aneurinibacillus was enriched at 55°C. We observed that
the contribution of the thermophilic genera Geobacillus and An-
oxybacillus in biofilms was higher in the air-liquid-interface bio-
films (standing steel) than in the submerged biofilms, where the
genus Pseudomonas dominated at 55°C and 65°C. Although the
latter genus is not a known thermophilic biofilm former, it should
be noted that a thermophilic Pseudomonas species growing at 55°C
has been previously described (19). Thermophilic populations
which adhere to steel and plastic surfaces were found to be nearly

identical in our model system (Fig. 2). The presence of the species
A. flavithermus, G. stearothermophilus, and G. thermoglucosidans is
shown in the three bottom rows of Fig. 2. While A. flavithermus
and G. stearothermophilus were frequently enriched in the stand-
ing steel biofilm system, G. thermoglucosidans was not found in
any of the samples enriched in milk medium. Apparently, this
species does not readily accumulate in milk medium, possibly as a
result of a growth dependence, as described below.

Isolation and characterization of novel thermophilic biofilm
and sporeformers. In this study, approximately 200 strains were
isolated by selection of colonies from TSA plates incubated at 55°C
after inoculation with fouling samples from the dairy concentrate
production line. Twenty strains with morphologically different
colonies were characterized with respect to their 16S rRNA geno-
types, growth rates, and biofilm-forming performance (data not
shown). All culturable isolates from the standard milk sources
(M1 and M2) were typed as A. flavithermus, except for two isolates
of Bacillus licheniformis; the isolate from the dairy concentrate end
product was typed as G. stearothermophilus, and those from the
fouling samples showed a larger variety of species, including A.
flavithermus, G. stearothermophilus, and G. thermoglucosidans.
The occurrence of the thermophilic isolates A. flavithermus, G.
stearothermophilus, and G. thermoglucosidans in raw and enriched
samples was confirmed by an exact match to the 16S rRNA se-
quences of these species (see the three bottom rows in Fig. 1). Most
isolates showed significant biofilm formation at 60°C and 70°C, as

FIG 1 Microbial inventory of raw and enriched dairy samples. Genomic DNA isolated from industrial samples (raw and enriched overnight at 55°C or 65°C in
TSB medium) was analyzed by mass-sequencing 16S genotyping (500 to 2,000 sequences per sample). Gray levels of cells represent relative abundances of
microbial composition at the genus level or species level; black to white shading indicates high to low abundance levels. Numbers represent 2log values (relative
abundance). From the top to the bottom of the figure, each row presents the abundance of one genus or species in each of 14 locations selected from a dairy
processing plant. Abbreviations: A. fla, Anoxybacillus flavithermus; G. ste, Geobacillus stearothermophilus; G. the., Geobacillus thermoglucosidans.
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derived from the OD values from crystal violet staining of surface-
attached biomass after growth. On the basis of their ability to
efficiently form biofilms in a laboratory model system, the isolates
A. flavithermus TNO-09.006, G. stearothermophilus TNO-09.008,
and G. thermoglucosidans TNO-09.020 were selected and their
species identity was confirmed by DNA-DNA hybridizations with
genomic DNA isolated from the three corresponding type strains.
The percentage of relatedness to the type strain matched the
�70% criterion for the assignment of all three bacterial species
(Table 1). The sequences of the full genomes of the three strains
were determined (20, 21), and the strains were characterized re-
garding their temperature growth range and optimum, sporula-
tion efficiency, and spore heat resistance (Tables 1 and 2). In ad-
dition, their ability to sporulate was confirmed by microscopic
examination, showing the formation of bright-phase endospores
at the poles (see Fig. S3 in the supplemental material). Heat-resis-
tant spores were enumerated in culture medium and stainless steel
biofilm fractions during a cultivation experiment of 30 h, indicat-

ing an increase in the number of spores over time in both fractions
of up to 105 CFU per ml (see Fig. S4 in the supplemental material).
Interestingly, the growth at high temperatures was observed over a
temperature window of 19°C for all three thermophilic species,
including 43 to 62°C, 48 to 67°C, and 50 to 69°C for A. flavither-
mus, G. stearothermophilus, and G. thermoglucosidans, respec-
tively. The preference for Geobacillus to grow at relatively high
temperatures is reflected in the enrichment experiments, showing
accumulation at 65°C rather than 55°C (Fig. 1 and 2). The geoba-
cilli produce heat-resistant spores with decimal reduction values
ranging from 18 to 20 min at 110°C, whereas the D value of An-
oxybacillus is only 2 min at this temperature (Table 2). The ability
to efficiently form biofilms and generate highly heat-resistant
spores with high efficiency under laboratory conditions renders G.
thermoglucosidans an interesting model organism. The biofilm-
forming behavior of the TNO-09.020 isolate on a stainless steel
coupon in the static biofilm model system with tryptone-based
medium was analyzed microscopically. Examination of biofilms

FIG 2 Microbial inventory of thermophilic bacteria in a static biofilm model. Standard milk (M1 and M2) or sterile milk inoculated with industrial fouling from
a whey evaporator (i7) was cultured O/N at 55 or 65°C in plastic culture wells containing steel coupons (static biofilm model) in order to study thermophile
enrichment in the medium (planktonic) and on steel and plastic surfaces (biofilm). Genomic DNA isolated from raw milk and fouling (raw) milk, steel or
submerged steel, and plastic well wall fractions were analyzed by mass-sequencing 16S genotyping (500 to 2,000 sequences per sample). Gray values, numbers,
and abbreviations are the same as described for Fig. 1. M, media; subm.S, submerged-stainless-steel-surface-attached biofilm; St.S, standing-stainless-steel-
surface-attached biofilm; P, plastic-surface-attached biofilm.

TABLE 1 Typing and growth characteristics of selected model strainsa

Strain DNA-DNA hybridization (% homology)

Growth temp range

tD (min)Tmin (°C) Tmax (°C) Topt (°C)

TNO-09.006 Anoxybacillus flavithermus LMG 18397T (75 � 8) 43 62 57 52
TNO-09.008 Geobacillus stearothermophilus LMG 6939T (86 � 9) 48 67 61 35
TNO-09.020 Geobacillus thermoglucosidans LMG 7137T (88 � 13) 50 69 60 32
a Species assignment of model strains was confirmed by DNA-DNA hybridizations with reference strains from the LMG culture collection. The Tmin (°C) and Tmax (°C) are defined
as the maximum and minimum temperatures at which growth could still be detected under the conditions used (see Materials and Methods). The Topt (°C) is the temperature at
the highest growth rate, which is expressed in minutes of doubling time [tD (min)].
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stained with Auramine indicated the presence of the multicellular
structures that predominantly formed at the air-liquid interface
(Fig. 3A). The bacterial spores formed within these biofilms ap-
peared more or less randomly distributed (Fig. 3B and C).

Growth dependence of Geobacillus thermoglucosidans. The
selected species A. flavithermus, G. steathermophilus, and G. ther-
moglucosidans were further characterized for their ability to grow
on different nutrient plates. Interestingly, the G. thermoglucosi-
dans strains TNO-09.020 and TNO-09.023 were not capable of
growing on milk plates. However, they were capable of growing on
plates containing casein, the major protein component of milk, if
the casein was proteolytically digested (data not shown). There-
fore, we hypothesized that G. thermoglucosidans is dependent on
the proteolytic activity of other bacteria for growth in milk. To test
this, we analyzed growth of G. thermoglucosidans TNO-09.020 and
A. flavithermus TNO-09.006 in a cell culture insertion setup that
enables cultivation of the two strains separated by a permeable
membrane. This membrane allows the diffusion of enzymes and
small organic molecules between the two compartments. A. flavi-
thermus TNO-09.006 readily started growth after 3 h and contin-

ued growing until approximately 12 h in the presence and absence
of TNO-09.020, after which the CFU number started to decrease
(Fig. 4). As expected, G. thermoglucosidans TNO-09.020 inocu-
lated in milk did not show any growth, with the CFU number
remaining below 3 log units per ml. However, when G. thermog-
lucosidans TNO-09.020 was inoculated in the presence of A. flavi-
thermus TNO-09.006, growth started after a long lag time of �12
h, reaching a CFU value of approximately 5 log units after 24 h
(Fig. 4). Clearly, G. thermoglucosidans TNO-09.020 is dependent
on the presence of A. flavithermus TNO-09.006 for growth in the
milk medium. The second G. thermoglucosidans strain isolated in
this study, TNO-09.023, was also tested in this cell culture inser-
tion setup and showed similar behavior (data not shown).

Next, a coculture experiment in milk was conducted with G.
thermoglucosidans TNO-09.020 and A. flavithermus TNO-09.006.
Biofilm development was monitored by determining the total
number of viable cells in the biofilm attached to stainless steel
coupons, and the number of CFU of G. thermoglucosidans TNO-
09.020 was selectively determined, as they appear as white colonies
on TSA–X-Gal plates at 55°C, in contrast to colonies of the A.

TABLE 2 Sporulation efficiency of thermophilic sporeformers and heat resistance of their sporesa

Strain
Avg sporulation efficiency (%)
(on NA�� agar plates)

Heat resistance of spores

D110 (min) z value (°C)

Anoxybacillus flavithermus TNO-09.006 77 � 40 2 13
Geobacillus stearothermophilus TNO-09.008 38 � 31 18 11
Geobacillus thermoglucosidans TNO-09.020 91 � 3 20 8
a The sporulation efficiency is expressed as the number of spores (CFU after heat inactivation) divided by the total number of bacterial cells and spores (CFU before heat
inactivation). The D values are expressed in minutes of treatment at the indicated temperature for a 10-fold CFU reduction; the z values are expressed in °C temperature increase
required for a 10-fold reduction of the D value. The calculations are described in detail in Materials and Methods and Fig. S2 in the supplemental material.

FIG 3 Geobacillus thermoglucosidans TNO-09.020 biofilms at the air-liquid interface. (A) Fluorescence microscopy image of Auramine-stained biofilm on a
standing stainless steel coupon after 10 h of batch cultivation at 65°C. (B and C) Bright-field (B) and fluorescence (C) microscopy images of Auramine- and
Safranine-stained biofilm on a standing glass coupon after 16 h of batch cultivation at 65°C.
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flavithermus TNO-09.006 strain, which appear blue on TSA X-gal
plates as a result of its galactosidase activity (Fig. 5). In agreement
with the results of the compartmentalized growth experiment, the
strain TNO-09.020 is able to form biofilms only when TNO-
09.006 is present, and the number of CFU of TNO-09.020 in the
biofilm reached a level of approximately 105 CFU/biofilm after 24
h and approximately 107 CFU/biofilm fraction after 48 h (Fig. 5).
The TNO-09.006 strain grows well in milk in the absence of TNO-
09.020, reaching approximately 107 CFU/ml in the milk medium
and 105 CFU/biofilm after 8 h. However, no CFU of this strain
could be detected after 48 h in either biofilm or milk medium
when TNO-09.020 was present (Fig. 5).

DISCUSSION

In this study, we developed and applied a number of novel ap-
proaches to study the growth and biofilm-forming capacity of
sporeformers associated with the dairy industry. This work in-
cluded a cultivation-independent approach to study contami-
nants in milk, factory fouling samples, and end products and en-
richments thereof. We have grown biofilms with milk samples as
an inoculum and screened factory isolates for their ability to form
biofilms under laboratory conditions in multiwell plates. We have
characterized three of these thermophilic biofilm-forming isolates
and their spores in detail. Three major findings resulted from this
work: (i) dairy processing environments harbor species-rich mi-
crobial communities, (ii) the thermophilic sporeformers studied
preferentially form biofilms at air-liquid interfaces, and (iii) the
thermophilic sporeformer Geobacillus thermoglucosidans depends

on the presence of other thermophilic species for growth and bio-
film formation in milk-based media.

The results revealed a wide diversity of genera in the processing
lines. Fouling samples taken from the processing line where high
temperatures were applied were not dominated by thermophilic
sporeformers, but significant numbers mesophilic bacteria were
identified. The mass sequencing applied here detects DNA mole-

FIG 4 Compartmentalized growth of Geobacillus thermoglucosidans TNO-
09.020 and Anoxybacillus flavithermus TNO-09.006. A graphical representa-
tion is shown of bacterial counts from two strains in a compartmentalized
growth experiment in UHT skim milk with the BD Falcon cell culture insertion
system, allowing growth of strains in two compartments separated by a per-
meable membrane that permits diffusion of medium components (pore size,
0.4 �m). �, cell counts of TNO-09.020 (with TNO-09.006 in the other com-
partment); �, cell counts of TNO-09.006 (with TNO-09.020 in the other com-
partment); �, cell counts of TNO-09.020 in the absence of TNO-09.006; Œ,
cell counts of TNO-09.006 in the absence of TNO-09.20. The bacterial cultures
were enumerated at 6 different time points; each point represents the mean
and standard deviation of triplicate measurements. *, significant difference for
growth (log CFU) of G. thermoglucosidans TNO-09.020 in the presence or
absence of A. flavithermus TNO-09.006 in the other compartment (t test; P 	
0.02).

FIG 5 CFU of planktonic cells and biofilms in coculture of thermophiles.
Panels A and B show the results of a total of three batch cultivation experiments
in milk determined using the standing steel biofilm model system, including
one coculture and two monocultures. (A) Bacterial cell counts in the 3-ml milk
medium fraction of a coculture of planktonic cells of Geobacillus thermogluco-
sidans TNO-09.020 (�) and Anoxybacillus flavithermus TNO-09.006 (�). For
reference, the results determined for monocultures of TNO-09.020 (�) and
TNO-09.006 (Œ) in milk were plotted. (B) Bacterial cell counts of the biofilm
attached to stainless steel in a coculture of TNO-09.020 cells (�) and TNO-
09.006 cells (�). For reference, the results determined for biofilms obtained
using monocultures of TNO-09.020 cells (�) and TNO-09.006 cells (Œ) were
plotted. The bacteria were enumerated at 4 different time points; each bar
represents the mean and the error bar the standard deviation from two exper-
iments of triplicate measurements. *, significant difference for growth (log
CFU) of G. thermoglucosidans TNO-09.020 in the presence or absence of A.
flavithermus TNO-09.006 during coculture (t test; P 	 0.01).
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cules that encode 16S rRNA molecules and thus not necessarily
viable bacteria, so this may lead to overestimation of the viable
microbiota present (see also reference 22). Dairy-associated mi-
crobiota shows remarkable diversity, as previously reported and
reflected in the assignment of dairy farm isolates to seven spore-
forming genera, i.e., Aneurinibacillus, Bacillus, Brevibacillus, Geo-
bacillus, Paenibacillus, Ureibacillus, and Virgibacillus (3). In the
current study, we confirmed the presence of the spore-forming
genera Aneurinibacillus, Bacillus, Brevibacillus, Geobacillus, and
Anoxybacillus.

Enrichment at 55°C of the fouling materials resulted in selec-
tion of thermophilic genera and sporeformers. After enrichment
at 65°C, the thermophilic genera (sporeformers or nonsporeform-
ers) were dominant in most samples. The reason that these ther-
mophiles are not always detected by this method in the fouling
samples is that their numbers were below the detection limit of the
method used. The enrichment of fouling samples in biofilm
model systems shows that the predominant spoilage genera asso-
ciated with biofilm formation are Geobacillus and Anoxybacillus,
species of which have been isolated from milk powders and dairy
concentrate-processing factories (2, 4, 23). According to the bar-
coded 16S amplicon sequencing data from this study, a number of
other thermophilic genera, including Thermus, Brevibacillus, and
Aneuribacillus, are present in the fouling samples, even after en-
richments, but do not appear among the cultured isolates; possi-
bly these species are easily outcompeted by Anoxybacillus and Geo-
bacillus on TSB plates at 55°C.

Concerning the abiotic conditions which control the biofilm
formation of the thermophiles studied here, we identified in this
study no evident correlation between the composition of surface-
attached microbiota and the nature of the surface, including steel
and plastic. However, a clear difference in the preferred environ-
ment for biofilm formation of microbial genera was identified, as
Anoxybacillus and Geobacillus preferentially resided at air-liquid
interfaces, whereas Pseudomonas accumulated at the surface of
submerged steel. We hypothesize that the oxygen concentration
may play a crucial role in selective accumulation of bacteria and
spores on the stainless steel surface at the air-liquid interface. This
suggests that biofilms of thermophilic sporeformers and associ-
ated spores may particularly develop at elevated temperature and
in industrial piping systems that are only partly filled and as a
result are exposed to oxygen during operation.

Finally, we present data from this study suggesting that the G.
thermoglucosidans strain, which produces the most thermostable
spores, is dependent on proteolytic strains for outgrowth in the
dairy environment. Several observations support this interpreta-
tion. The G. thermoglucosidans was not enriched from the indus-
trial milk or fouling samples in milk medium, probably due to its
long lag phase before outgrowth (bottom row, Fig. 2). In addition,
G. thermoglucosidans strain TNO-09.020 and strain TNO-09.023
did not readily grow or form biofilms in undigested casein or milk
medium. However, they grew well and formed biofilms in predi-
gested casein or milk medium or, alternatively, when the proteo-
lytic strain A. flavithermus TNO-09.006 was also present in undi-
gested casein or milk medium. Although there is no evidence for a
mutual relationship between TNO-09.020 and TNO-09.006, our
observation may bear some resemblance to that of the yogurt con-
sortium, where the proteolytic activity of L. bulgaricus results in
the supply of amino acids for Streptococcus thermophilus (24). The
ecology and interrelationship between the selected isolates will be

elucidated using gene trait-matching approaches based on whole-
genome sequence information (20, 21). Such information would
be relevant because our results suggest that the presence of pro-
teolytic microorganisms in the dairy concentrate production line
may contribute to the diversity and spore load of specific thermo-
philes in end products.
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